Elevated levels of neurotoxic methylmercury in Arctic food-webs pose health risks for indigenous populations that consume large quantities of marine mammals and fish. Estuaries provide critical hunting and fishing territory for these populations, and, until recently, benthic sediment was thought to be the main methylmercury source for coastal fish. New hydroelectric developments are being proposed in many northern ecosystems, and the ecological impacts of this industry relative to accelerating climate changes are poorly characterized. Here we evaluate the competing impacts of climate-driven changes in northern ecosystems and reservoir flooding on methylmercury production and bioaccumulation through a case study of a stratified sub-Arctic estuarine fjord in Labrador, Canada. Methylmercury bioaccumulation in zooplankton is higher than in midlatitude ecosystems. Direct measurements and modeling show that currently the largest methylmercury source is production in oxic surface seawater. Water-column methylation is highest in stratified surface waters near the river mouth because of the stimulating effects of terrestrial organic matter on methylating microbes. We attribute enhanced biomagnification in plankton to a thin layer of marine snow widely observed in stratified systems that concentrates microbial methylation and multiple trophic levels of zooplankton in a vertically restricted zone. Large freshwater inputs and the extensive Arctic Ocean continental shelf mean these processes are likely widespread and will be enhanced by future increases in water-column stratification, exacerbating high biological methylmercury concentrations. Soil flooding experiments indicate that near-term changes expected from reservoir creation will increase methylmercury inputs to the estuary by 25-200%, overwhelming climate-driven changes over the next decade. mercury | plankton | estuary | biomagnification | hydroelectric reservoir
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mercury | plankton | estuary | biomagnification | hydroelectric reservoir M ethylmercury (MeHg) is a potent neurotoxin that biomagnifies in marine food-webs (1) . Indigenous populations in the Arctic are exposed to elevated levels of MeHg through their traditional diet of fish and marine mammals (2) . Elevated biological MeHg concentrations are widely reported across the Arctic and sub-Arctic, a region lacking concentrated anthropogenic Hg sources (3) . Anthropogenic Hg is distributed globally in the atmosphere and oceans and is transported to the Arctic where it may be converted to biologically available MeHg by methylating microbes. Naturally present inorganic Hg also can pose a threat to Arctic biota when environmental conditions are perturbed in a manner that stimulates the activity of methylating microbes, one such example being reservoir creation (4) . Here, we investigate potential drivers of MeHg production and uptake at the base of the marine food-web in a subArctic estuarine fjord, Lake Melville in Labrador, Canada. We use this information to understand better how changes in high-latitude marine ecosystems driven by climate and industry are likely to affect biological MeHg burdens.
MeHg production in inland ecosystems and estuaries has been attributed mainly to benthic sediment where geochemical conditions that facilitate methylation by anaerobic bacteria are commonly found (5, 6) . In open-ocean seawater, strong associations between methylated Hg concentrations and nutrients, apparent oxygen utilization (AOU), and organic carbon remineralization rates (OCRR) are observed across major basins (7) (8) (9) (10) . These associations reflect subsurface water-column production of MeHg and coincide with peaks in heterotrophic bacterial activity (7) (8) (9) (10) . In the Arctic Ocean water column, peak methylation rates and ambient MeHg concentrations occur at much shallower depths than observed at midlatitudes but also are correlated with AOU (11, 12) . No comparable measurements for high-latitude estuaries are available.
Lake Melville is a large (length, 180 km; surface area, 3,000 km 2 ), deep (maximum depth, 256 m; mean depth, 83.5 m) semienclosed estuarine fjord (SI Appendix, Fig. S1 ). A dominant feature of this system is a low-salinity surface layer at a depth of 2-15 m that remains intact year round at the estuarine surface (13) . Stratification is most pronounced in the estuary near the mouth of the main freshwater tributary and gradually breaks down in the outer marine reaches approaching the Labrador Sea (Fig. 1) . During the fall and winter months cold outer Labrador Sea water replaces the saline deep waters without altering the halocline structure (13) . The system is ice covered during the winter months and thaws in the spring. More than 60% of the freshwater inputs to Lake Melville are from the Churchill River, where development of a new reservoir for hydroelectric power is underway (SI Appendix, Fig. S1 ).
Flooding associated with reservoirs causes a long-term increase in MeHg production resulting from decomposing organic matter and changes in the geochemical environment that stimulate methylating bacteria (4, 14, 15) . With increasing demand for renewable energy,
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Estuaries are the predominant hunting and fishing territory for northern indigenous populations whose way of life is threatened by both climate change and industrial development. Direct measurements and modeling conducted as part of this study show enhanced production of methylmercury, a potent neurotoxin, and uptake by plankton in stratified oxic seawater. Enhanced climate-driven stratification of ocean margin areas with sea-ice melt will likely elevate biological methylmercury concentrations in the Arctic. Elevated biological methylmercury levels will be exacerbated by hydroelectric development planned throughout many northern regions. Our experimental measurements indicate that, over the next decade, regional increases in methylmercury concentrations resulting from flooding associated with hydroelectric development will be greater than those expected from climate change.
new hydroelectric developments are being proposed in many northern ecosystems, and the ecological impacts of this industry are poorly characterized. Research in the Experimental Lakes Area of Canada showed a 40-fold increase in aqueous MeHg concentrations following large-scale flooding and increased biological concentrations that persisted for more than a decade (4, 14, 15) . Here we discuss the magnitude of potential changes driven by hydroelectric development compared with future climate-driven effects.
The main objective of this study is to evaluate the environmental drivers of MeHg production and bioaccumulation in high-latitude ocean margin regions. We hypothesized that terrestrial discharges would be a large source of Hg and MeHg in the marine waters of this fjord and thus that reservoir flooding would impact biological MeHg concentrations substantially. We tested this hypothesis through an evaluation of major MeHg sources and biological uptake throughout the estuary. Seawater, benthic sediment, and zooplankton were obtained along a salinity gradient from freshwater regions to the outer Labrador Sea from August 31 to September 8, 2012 (27 stations) and from June 11-19, 2013 (18 stations) . Using enriched mercury isotope spikes, we directly measured the production (methylation) and decomposition (biotic/dark demethylation) of MeHg in the marine water column and benthic sediment at multiple stations to assess the importance of in situ production compared with external inputs.
MeHg Production in Estuarine Seawater
Vertical profiles of Hg, MeHg, and dissolved organic carbon (DOC) are strongly influenced by the stable year-round halocline of Lake Melville. Fig. 1 shows total Hg and DOC in the Lake Melville water column are enriched in the low-salinity surface layer compared with the saline deep waters supplied by the Labrador Sea. This pattern is consistent with inputs from rivers being the major source of total Hg and DOC to Lake Melville and is reinforced by strong correlations between aqueous total Hg concentrations, salinity, and DOC (SI Appendix, Table S1 ). Total Hg concentrations are increased by spring snowmelt when concentrations in rivers and the surface waters of the estuary (Goose Bay and Lake Melville) are significantly (P < 0.01, t test) higher than in the fall (Table 1 and SI Appendix, Table S2 ).
We calculated potential inorganic Hg methylation rates at multiple stations of up to 0.4%·d −1 in June 2013 from single-timepoint measurements of seawater incubated for 24 h ( Fig. 2A) . Methylation rates were below detection at the river sampling sites (SI Appendix, Table S3 ) and were highest in the estuarine regions close to the river mouth ( Fig. 2A) . Water-column dark (biotic) demethylation rates were below 2%·d
, which is on the low end of previous observations (SI Appendix, Table S3 ). Measureable methylation in combination with low demethylation in this system results in the net accumulation of MeHg in these surface waters.
The MeHg distribution in Lake Melville reflects the combined influences of direct inputs from rivers and methylation in surface waters ( Fig. 1) . MeHg is significantly correlated with salinity in September (P < 0.01), but not in June, as is consistent with the growing importance of in situ production in the spring (SI Appendix, Fig. S2 and Table S3 ). Ambient MeHg concentrations in the upper few meters of the estuarine water column are enriched from riverine inputs rather than water-column methylation relative to deeper waters within the stratified low-salinity surface layer. Concentrations of MeHg are extremely low throughout the cold, saline deep waters of Lake Melville. We found a strong correlation between water-column methylation rates and nitrate in the low-salinity surface layer of the estuary (Fig. 2B ). Stepwise regression analysis on a suite of parameters shows that nitrate alone explains 90% of the variability in measured methylation rates (P < 0.01). We postulate that this finding reflects the association between the degradation of organic matter in surface waters and MeHg production proposed by others (7) (8) (9) (10) .
Prior work in the upper ocean suggests that production of methylated Hg species is linked to heterotrophic bacterial activity responsible for the turnover of organic carbon in the marine water column, as reflected by changes in nitrate, phosphate, AOU, and OCRR (7) (8) (9) (10) (11) . Lake Melville is oligotrophic, and nitrate concentrations in inflowing tributaries are low (<3 μM). Nitrate is depleted by algal growth (1-2 μM) at the surface and is replenished below (3-6 μM) by the release of nutrients during the degradation of organic matter (SI Appendix, Fig. S3 ). We find methylation rates are higher approaching the thermocline (6-10 m) than in measurements made immediately below the surface (1 m). This observation may reflect greater heterotrophic bacterial activity with depth, as indicated by the increase in nitrate concentrations (SI Appendix, Fig. S3 ). We find extremely low concentrations of MeHg in the deep waters of Lake Melville that have high dissolved oxygen and are replenished by seawater from the outer Labrador Sea every 4-5 mo (13). Nutrient concentrations in these waters are decoupled from surface biological processes by strong vertical stratification.
We attribute the large increase in ambient MeHg concentrations between the rivers and the surface water of the estuary to active water-column methylation (Table 1 and SI Appendix, Table S2). We hypothesize that the activity of methylating bacteria is stimulated by redox microniches formed by the aggregation and enhanced degradation of terrestrial DOC in saline waters (7, 16) . Visual inspection of estuarine seawater samples revealed high concentrations of flocculated organic material, not present in the river water (SI Appendix, Fig. S4) , that has been shown to support methylation under laboratory conditions (17) . Dissolved organic material in the water column aggregates during the transition from fresh to saline conditions because of the change in ionic strength and the increase in cation concentrations in estuarine water (18) . Organic aggregates formed through flocculation in estuaries tend to be enriched in metals and nutrients (cations) and support high microbial diversity (19) . Estuarine bacteria degrade terrigenous DOC much faster (up to a fourfold increase at a salinity of four) than do microbes in terrestrial ecosystems (20) , explaining the distinct increase in methylation in saline waters.
Stratification Enhances MeHg Bioaccumulation in Plankton
Across marine ecosystems, the majority of MeHg bioaccumulation (10
3
- 10 5 ) occurs between seawater and plankton (21, 22) . Fig. 3A shows a sharp increase in MeHg concentrations between phytoplankton and 200-to 500-μm zooplankton (SI Appendix, Table S4 ). Highest MeHg concentrations and bioaccumulation factors (BAF; plankton MeHg divided by water column MeHg) are observed in the estuarine regions with stable year-round stratification near the river mouth (Goose Bay), and the lowest are observed in the bettermixed outer marine areas (Groswater Bay) (Fig. 3) . In the estuary, the fraction of total Hg as MeHg (%MeHg) in different size fractions of plankton increases from <10% in the seston (5-200 μm) to ∼80% in the 500-to 1,000-μm size fractions (Fig. 3A) . Similar increases are not observed in Groswater Bay approaching the Labrador Sea.
We postulate that enhanced bioaccumulation in the stratified regions of the estuary compared with the outer water column reflects a vertically concentrated zone of methylation and biological activity (bacterial activity, phytoplankton, and grazers). Biological hotspots of vertically restricted (on a scale of centimeters to meters) but horizontally dispersed thin layers of marine plankton are common in stratified ecosystems and typically persist from hours to weeks (23, 24) . Stratification of the water column facilitates the formation of thin layers of organic material by providing a density surface where settling marine snow reaches neutral buoyancy and can form a mucus-rich mat of aggregated phytoplankton during the spring bloom (25, 26) . Stratification also acts as a barrier to turbulent mixing propagated from tidally mixed deep layers (27) . Thin layers can collect smaller settling detritus and commonly contain the majority (50-75%) of the phytoplankton biomass in the water column (24) . In oligotrophic systems where food for grazing zooplankton is limited and a large proportion of the algal biomass is present in thin layers, herbivorous and predatory zooplankton also are concentrated in this layer (28) .
Enhanced microbial activity and organic matter degradation in such a thin layer would explain elevated MeHg production and zooplankton concentrations in the stratified regions of the Lake Melville estuary where BAFs also peak (Fig. 3) . Zooplankton communities in this region are dominated by copepods that migrate vertically, such as Calanus spp. (29) . The concentration of copepod biomass in the thin layer of a stratified fjord compared with outer marine waters has been demonstrated for other Arctic ecosystems (30) . Colocation of zooplankton grazers and predators in this vertically restricted zone would enhance trophic structure (lengthen the food chain) and MeHg biomagnification, explaining higher BAFs and %MeHg in the stratified portions of A B Lake Melville. Many Arctic copepods are known to be opportunistic feeders that can switch between herbivory and carnivory depending on food availability (31). Thus, vertical migration of copepods, lower seawater MeHg concentrations and production, and more dispersed food sources in the outer Labrador Sea provide a plausible explanation for the lower MeHg concentrations, BAFs, and %MeHg observed in zooplankton from this region.
Riverine Inputs and Water Column Methylation Are Major Sources of MeHg
We constructed an annual mass budget for Hg and MeHg in Lake Melville (Fig. 4) ), but outflow results in a net loss to the Labrador Sea. Advective inflow of Hg through tidal exchange is confined mainly to the saline deep waters of the estuary because of strong stratification, whereas most biological activity and methylation occur in the upper 15 m of the water column (Fig. 1) .
Multiple lines of evidence support the production of MeHg in oxic estuarine surface waters. These include significant increases in methylation potential moving from the rivers into the estuary, net export of MeHg to the Labrador Sea, no evidence for net production in benthic sediment, and insufficient inputs from rivers to explain observed concentrations. Closing the MeHg budget for this system based on riverine MeHg discharges would require inputs three standard deviations beyond our best estimate based on seasonal measurements (SI Appendix, Tables S2 and S5), a scenario we find implausible.
To construct a lower-bound estimate of water-column methylation, we apply the mean of measured rates from all regions (SI Appendix, Table S1 ) to the months when methylation is likely occurring (June, July, and August) and assume net production is zero for all other periods. Our resulting estimate of water-column MeHg production (9 mol·a −1 ) makes it the largest net source in Lake Melville, followed by rivers (5 mol·a −1 ). MeHg production in oxic surface seawater presently is the major source for the upper stratified water column where biological productivity is concentrated, but this source is expected to change with future alterations of the watershed.
Impacts of Hydroelectric Flooding
We measured MeHg production associated with flooding of soils from the main freshwater tributary of Lake Melville (Churchill River) (Fig. 5) . Soil cores were obtained from both inland dry soils in the planned reservoir region and the river shore where occasional flooding already occurs. We removed the litter layer and surface vegetation before saturation with Churchill River water.
We observed a large (14-fold) increase in MeHg concentrations in water overlying inland cores that continued to increase over the 5-d duration of the experiment. A smaller peak in MeHg 
Goose Bay Lake Melville Groswater Bay concentrations, without subsequent increase, was observed after 3 h in cores collected near the river shore (Fig. 5) . Virtually all the planned flooded region (41 km 2 ) will be inland soils with an intact litter layer, in some cases also covered by vegetation and trees (33) .
Based on enrichment of MeHg in overlying waters, we calculate a diffusive flux between 120 and 170 pmol·m −2 ·d −1 across the inland soil cores from the region that will be flooded. This flux is much lower than the peak range of 600-8,000 pmol·m (Fig. 5) . Prior work suggests advective fluxes of MeHg are generally 5-10 times higher than diffusive fluxes (34) . Extrapolating the diffusive flux to the planned reservoir regions for Muskrat Falls (41 km 2 ) (SI Appendix, Fig. S1 ) results in ∼2-3 mol MeHg·a −1 added to the reservoir and 6-8 mol MeHg·a −1 for the total development region (126 km 2 ) that includes an additional reservoir further upstream (Gull Island).
Recent work by Jonsson et al. (35) shows that MeHg bound to terrestrial organic matter is resistant to degradation and readily bioaccumulates. Based on these findings, we assume that approximately half of the diffusive MeHg pulse from the flooded reservoir will enter the Churchill River and be transported into Lake Melville. The resulting lower-bound estimate for changes in MeHg inputs from the Churchill River to Lake Melville is an increase of 25-200%. Plans are in place for clearing most trees but none of the litter layer or other vegetation from the flooded area. We thus postulate that the actual pulse of MeHg to the Lake Melville ecosystem will be much greater, making rivers the dominant MeHg source in the future.
Climate-Driven Changes and Arctic-Wide Implications
Increasing freshwater discharges and ongoing sea-ice melt is expected to increase the stratification of many Arctic marine regions in the future (36) . Prior studies in the Canadian Archipelago and Arctic Ocean noted elevated MeHg concentrations in stratified surface waters affected by ice melt (11, 12) . Here we suggest that MeHg production and bioaccumulation are enhanced by salinity-driven density gradients in marine waters because of the potential for bacterial activity, associated water-column MeHg production, phytoplankton, and zooplankton grazing to become concentrated in vertically restricted zones. Salinity-driven stratification and water-column methylation fueled by terrestrial DOC sources thus enhance planktonic MeHg exposures and lengthen food-chains, leading to higher biomagnification. Increasing stratification of Arctic marine ecosystems already has been documented, suggesting that these indirect impacts on bioaccumulation are likely widespread and may explain high biological MeHg concentrations in many regions.
Methods
Detailed analytical methods are provided in the SI Appendix and are summarized here. We collected water samples 1 m below the water surface at 27 stations in 2012 and 18 stations in 2013 (SI Appendix, Fig. S1 ). We used acidwashed, Teflon-lined General Oceanics GO-FLO sampling bottles and Tefloncoated messengers deployed on a hydrowire (Aracom line, Yale Cordage) following trace-metal-clean protocols (37) . We collected at least one additional middepth sample for stations with depths greater than 50 m.
We collected particulate material between 5-200 μm as a proxy for microplankton. Seawater (250-1,500 mL) from surface GO-FLO casts was passed through a 200-μm mesh to remove larger organisms, and particulate material was collected onto 5-to 10-μm acid-cleaned polycarbonate filters (Maine Manufacturing, Fisher Scientific) that were frozen immediately. We collected zooplankton in four size fractions (200-500 μm, 500-1,000 μm, 1,000-2,000 μm, and >2,000 μm) from eight stations (SI Appendix, Fig. S1 ) with a 200-μm trace-metal-clean opening/closing net (Sea Gear Corp.) towed on the hydrowire. Zooplankton from the clean cod end were separated into size fractions using acid-rinsed polycarbonate membrane filters and were frozen immediately.
We Hg (∼0.06 pmol). The magnitudes of isotopic spikes were chosen to follow Lehnherr et al. (11) . Spiked natural and deionized waters were incubated for 24 h in the dark at 4°C, followed by acidification with trace-metal-grade HCl (0.5%, Fisher Scientific).
We simulated the effects of hydroelectric flooding in six cores obtained from two locations in 2013 within the planned flooding region for the Lower Churchill River reservoir (Muskrat Falls) (Fig. 1) . Three cores were obtained from a wooded region, and three cores were obtained from an area next to the Churchill River where periodic flooding occurs and that was free from surface vegetation. Each core was submerged in water from the Lower Churchill River in benthic flux chambers as described elsewhere (SI Appendix, Fig. S6 ) (41) . Dissolved oxygen was monitored throughout the experiment, and the water was replaced approximately every 24 h to maintain oxic conditions. We measured MeHg, DOC, and nutrients (SI Appendix, Fig. S7 ) in filtered overlying water over 5 d. At the end of the experiment the cores were sectioned in 2-cm increments and frozen. Subsamples of Churchill River water used for these incubations and surface soils from the same locations as cores were analyzed for Hg and MeHg to establish baseline concentrations.
Analytical methods for total Hg and MeHg in sediment and seawater along with supporting ancillary data are provided in SI Appendix, Supplemental Analytical Methods Summary. Hg isotope ratios in standard solutions were calculated daily, and the relative standard deviation remained below 2%. Hg in deionized water was below detection. We developed an empirically constrained mass budget for water and sediments in Lake Melville using field data collected there for June and September. Methods for calculating reservoirs of individual Hg species, interconversions, and exchange among the sediment, water, and atmosphere follow Sunderland et al. (32) and are described in SI Appendix, Tables S6-S9, including error bounds. Our mass budget considers MeHg inputs to the water column from external sources (rivers, tides, atmospheric deposition, Fig. S1 ). Results are from six cores from the planned reservoir area. Three were collected near the Churchill River and three from the inland regions that will be flooded.
benthic sediment) and in situ production and losses through settling of suspended solids, tidal outflow, and demethylation. . Photodecomposition of MeHg is based on the total photosynthetically active radiation (RAD) penetrating the water column and the rate constant as a function of RAD (0.0025/2.43 × RAD) from Black et al. (43) .
For annually averaged values, we consider the influence of ice cover/melt on evasion, seasonal variability in methylation caused by bacterial activity, and the pulse of Hg inputs associated with spring freshet. Full ice cover is generally present in Lake Melville between November and April. We assume evasion is negligible during these months because ice is thought to be a barrier for diffusing elemental Hg (Hg 0 ). Spring freshet occurs in late MayJune and is associated with a large pulse of Hg inputs that we assume is 1 mo in duration based on peak river flow (13) . Water-column methylation of Hg II in marine systems is related to heterotrophic bacterial activity (7), and we thus assume that during ice-covered periods MeHg production is also minimal. We use the mean of measured methylation rates from Lake Melville, Goose Bay, and Groswater Bay (SI Appendix, Table S9 ) from the upper 10 m of the water column in June to calculate methylation occurring throughout the spring/summer period (May-June) and for the entire water column. We assume negligible water-column methylation for all other seasons in the annual budget. Extrapolation of the methylation rate for upper waters to the entire water column does not substantially change the annual budget, because 80% of the inorganic Hg in the system (160 mol) is contained in the stratified surface layer of the estuary (upper 15 m) because of elevated riverine inputs. Annual MeHg production (38 mol) thus increases by only 5% when bottom waters of the estuary are included.
